Background: Cotton is an important fiber crop worldwide. The yield potential of current genotypes of cotton can be exploited through hybridization. However, to develop superior hybrids with high yield and fiber quality traits, information of genetic control of traits is prerequisite. Therefore, genetic analysis plays pivotal role in plant breeding. Results: In present study, North Carolina II mating design was used to cross 5 female parents with 6 male parents to produce 30 intraspecific F 1 cotton hybrids. All plant materials were tested in three different ecological regions of China during the year of 2016-2017. Additive-dominance-environment (ADE) genetic model was used to estimate the genetic effects and genotypic and phenotypic correlation of yield and fiber quality traits. Results showed that yield traits except lint percentage were mainly controlled by genetic and environment interaction effects, whereas lint percentage and fiber quality traits were determined by main genetic effects. Moreover, dominant and additiveenvironment interaction effects had more influence on yield traits, whereas additive and dominance-environment interaction effects were found to be predominant for fiber traits. Broad-sense and its interaction heritability were significant for all yield and most of fiber quality traits. Narrow-sense and its interaction heritability were non-significant for boll number and seed cotton yield. Correlation analysis indicated that seed cotton yield had significant positive correlation with other yield attributes and non-significant with fiber quality traits. All fiber quality traits had significant positive correlation with each other except micronaire.
Background
Cotton is the primary natural fiber crop used in textile industry, source of edible oil, and planted in more than 80 countries/regions of the world (Li et al. 2019) . China is one of the major cotton producing and consuming countries in the world. The demand for fiber in the textile industry keeps increasing. To fulfill this challenge, yield potential of recent cotton genotypes can be increased through hybridization. In this regard, hybrids are developed through utilization of heterosis and cultivated in considerable area of China (Xing et al. 2007a) . Main task of cotton breeders is to develop varieties or hybrids not only with superior yield and fiber quality but also with resistance against major pests, diseases and abiotic stresses such as adverse climatic conditions. The preliminary step to achieve such breeding aims is to select good genetic materials with suitable breeding methods.
Parents genetically superior, physiologically effective and having good combining abilities are generally useful to explore heterosis in commercial hybrids. Estimation of combining ability or genetic effects is an important strategy to sort out superior and inferior parents coupled with better crosses (Basal and Turgut 2005; Khan et al. 2015; Rauf et al. 2005) . Combining ability can be broken down into two components, i.e., general combining ability (GCA) and specific combining ability (SCA). Genetic effects are comprised of additive and non-additive genetic effects. GCA is associated with the parental lines and underlies additive gene contributions, whereas SCA is related to the comparative performance of hybrids and determines non-additive gene action, viz., dominant and epistatic.
Along with development of molecular genetics and breakthroughs in bioinformatics, genetic engineering, and genome sequencing, major changes have taken place in crop breeding research. Modern breeding methods are based on genes with an emphasis on improvement of individual characters. So, breeders must have strong knowledge about genetic control of traits to empower applications of molecular genetics to improve yield and quality of cotton crop (Li et al. 2015; Wu et al. 2017a Wu et al. , 2017b Yue et al. 2012; Zhang et al. 2018) . To be in a concise perspective, genetic analysis has no substitute in crop breeding. Yield is a complex quantitative trait controlled by multiple genes frequently affected by environment. Estimation of genetic effects with quantitative genetic models is an important strategy to select future breeding materials. Four main genetic models are used in breeding to measure genetic effects, i.e., additive-dominance (AD) model (Ming et al. 2008) , additivedominance-environment (ADE) model (Tang and Xiao 2014; Ye et al. 2008) , additive-dominance-epistatic (ADAA) model (Song et al. 2014 (Song et al. , 2015b , and additivedominance-maternal (ADM) model (Feng et al. 2011; Zhang et al. 2016) . Genetic effects are influenced by materials, methods, and environments. Previous studies have shown that yield component traits are strongly influenced by dominant effects of genes, while additiveenvironment interaction effects also have certain contribution. In contrast, fiber quality traits are mainly controlled by additive effects of genes and are less affected by the environment (Cui et al. 2014; Jenkins et al. 2012; Song et al. 2015a; . Traits that are readily influenced by the environment can be effectively improved by adjusting cultivation measures, whereas traits whose phenotypic variation is mainly determined by genetic effects can be improved through genetics and breeding. High additive effects tend to facilitate early selection, and non-additive effects often suggest potential use of heterosis breeding.
Different mating designs are used in plant breeding to estimate the genetic variances of traits. However, choice of mating design is directly affected by objectives, time, space, and cost. Interestingly, North Carolina designs (NC) allow the breeders to measure additive, dominance and environment variances with less labor than diallel (Wen et al. 2015) . In this study, NCII mating design was used to generate 30 F 1 intraspecific upland cotton hybrids by using 5 female inbred parents and 6 male inbred parents. Field experiments were performed at three different locations for two consecutive years to obtain reliable phenotypic data for genetic analysis. The objective of this research was to obtain information on the genetic control of yield and fiber quality traits and correlation among traits under study. Our results will be important to select the base population for future hybrid breeding in upland cotton.
Material and methods

Plant materials, environment condition, and field design
In 2015, we used 11 inbred lines to produce 30 F 1 hybrids by using North Carolina mating design II (Li et al. 2019) . The inbred lines Zhong 901-19 (P 1 ), L28-2 (P 2 ), SJ48-1 (P 3 ), ZB-1 (P 4 ), and K8-1 (P 5 ) were used as female parents, while GC-8 (P 6) , 851-2 (P 7 ), A2-10 (P 8 ), DT-8 (P 9 ), Z98-15 (P 10 ), and RP24-10 (P 11 ) were used as male parents. Among them, P 4 , P 6, and P 8 outperformed in the Yangtze River cotton belt, and P 5 and P 8 depicted better performance in the Northwest inland cotton belt, and all others were outstanding in the Yellow River cotton belt. Seeds of the resulting 30 hybrids and parental lines were planted in three different environmental regions of China. E 1 was in Anyang, Henan (114°35′Ε, 36°10′N; Yellow River cotton belt); E 2 was in Alar, Xinjiang (81°28′E, 40°55′N; Northwest inland cotton belt) and E 3 was in Wuwei, Anhui (117°75′E, 31°3′ N; Yangtze River cotton belt). Planting and climate conditions at three locations are described in Additional file 1. All materials were planted in randomized complete block design with three replications in all above-mentioned environments during the period of 2016-2017. Seeds were sown in late April in consecutive years. Standard agronomic practices were followed throughout growing season.
Evaluation of yield and fiber quality traits
In mid-September, we counted total number of plants and total number of bolls for each line. Number of bolls (BN) per plant was calculated by dividing the total number of bolls by total number of plants. When more than 90% of bolls had opened, one fully opened boll was randomly selected from each of 50 individual plants, and weighed to estimate boll weight (BW). Seed cotton yield (SCY) was picked from each plot by hand and weighed after drying. Weight of seed cotton per plot was used to calculate seed cotton yield (SCY) per hectare. Lint percentage (LP) was calculated as follows: lint weight/seed cotton weight × 100. Lint yield (LY) was calculated by multiplying the seed cotton yield by the lint percentage estimated from the 50 bolls. Subsamples of lint collected from each plot were sent to Cotton Fiber Quality Testing Center affiliated with the Chinese Ministry of Agriculture and Rural Affairs (Anyang, Henan) to evaluate fiber quality using a model High Volume Instrument (HVI_900) machine. Following data was collected: fiber length (FL, mm; upper half mean length), fiber uniformity (FU, %), fiber strength (FS, cN·tex − 1 ), micronaire (MIC) and fiber elongation (FE, %).
Data analysis
Genetic analysis was performed using QGAStation 2.0 software (http://ibi.zju.edu.cn/software/qga/index.htm) with ADE genetic model (Tang and Xiao 2014) . The linear mixed model approach, i.e., minimum norm quadratic unbiased estimation (MIQNUE) was used to calculate variances and their contributions to the total variance. To estimate genetic effects, genotypic values based on population means were used with the adjusted unbiased prediction (AUP) method. The jackknife resampling method was used to calculate standard errors for each parameter by successive removal of individual blocks within each environment (Zhu 1992; Zhang et al. 2016) . The t-test was used to assess significant differences.
Results
Genetic variance components of yield, yield components, and fiber quality traits
We estimated proportion of genetic variances for 30 hybrids and their parents based on three locations and 2 years data by using ADE genetic model for all traits under study. Results of all genetic variances can be seen in Fig. 1a . Result showed that additive variance (V A ) was significant for LP, FL, FU, FS, MIC, and FE with P < 0.01 (Additional file 2). Dominant variance (V D ) of genetic was significant for all traits except FL and FE. However, it was larger for BN, BW, LP, SCY, and LY. The V D of BW, SCY and LY were greater than the V A , while the opposite was true for LP and all fiber quality traits. Results of genetic-environment interaction showed that the variance of additive-environment (V AE ) interaction was larger than the variance of dominant-environment (V DE ) interaction. V AE for BW, LP, and SCY were larger. However, it was smaller for BN. The V AE and V DE were equally important for LY. A significant V AE was noticed for MIC and FU. V DE was distinct for FL, FU, and FE. The ratio of genetic variance (V G ) to phenotype variance (V P ) for BW, LP, LY, and FL was > 0.80. This ratio for BN, SCY, FS, and FE was > 0.70 and for remaining traits was > 0.63. These results indicated that these phenotypes were mainly inherited. Overall analysis results showed that BW, BN, SCY, and LY were mainly controlled by genetic and environment interaction effects ( Fig. 1b ). On the other hands, LP and fiber quality traits were mainly determined by the main genetic effects.
Additive effects for yield, yield components, and fiber quality traits Additive effects (equivalent to GCA) are the average performance of a line in hybrid combinations due to additive gene action. It plays an important role to select superior inbred lines for specific trait or set of traits. Predicted additive effects of all parental lines based on all field tests for BN, LP, LY and fiber quality traits are listed in Table 1 . The additive effects for BW and SCY were too small to analyze in this study. Result showed that female parent P 4 had the highest significant additive effect for BN. It was determined that female parents showed significant positive additive effects for BN. In contrast, most of male parents showed significant negative additive effects for BN. Further results showed that P 2 , P 3 , and P 4 had significant positive additive effects for LP. For LY trait, female parent P 3 had the highest additive effect and male parents P 7 had the lowest additive effect. The additive effects of P 2, P 3 , and P 8 were significantly positive for LY. All parental lines had significant additive effects for FL except P 2 . Female parent P 3 showed the highest additive effect for FL. With regard to significant additive effects for FU, P 4 was the highest ranked genotypes among all parents. For FS, female parents P 5 had the highest additive effect. However, P 2, P 6 , P 8 , and P 11 had a significant but negative additive effect for FS. All parental lines had significant additive effects for MIC except for those of P 1, P 2 , P 5 , and P 10 . In context of additive effects for FE, female parent P 3 showed the highest and significant additive effects. Based on summarized results, it was concluded that parental lines P 3 and P 4 had the highest additive effects for yield and fiber quality traits. Whereby, P 7 and P 9 had the highest additive effects for majority of fiber quality traits.
Dominant effects for yield, yield components, and fiber quality traits
Dominant effects (equivalent to SCA) refer average performance of a cross due to non-additive gene actions. It provides an opportunity for utilization of heterosis in hybrid breeding. Predicted dominant effects for yield and yield component traits are listed in Table 2 . Results showed that 17 out of the 30 hybrids had significant positive dominant effects for BW. The optimal cross to enhance BW was P 3 × P 9 . Out of 30 crosses, 16 combinations had significant dominant effects in a desirable direction for BN. P 5 × P 11 was the best performing cross for this trait. Further, we found that 16 hybrids had significant dominant effects for LP and SCY. Top three crosses with higher dominant effects for LP were P 1 × P 11 , P 1 × P 8 , and P 1 × P 10 . On the other hand, top three crosses with higher dominant effects for SCY were P 4 × P 7 , P 4 × P 9 , and P 5 × P 6 . It was observed that 17 crosses had a significant dominant effect for LY. P 4 × P 9 was the optimal cross to maximize LY followed by P 4 × P 7 and P 3 × P 6 . Results of estimated dominant effects for fiber quality traits are given in Table 3 .
In results of fiber quality traits, most crosses had non-significant dominant effects. Only, 7 crosses had significant dominant effects for FL and cross P 1 × P 9 had significant dominant effect for this trait. Results showed that only 11 and 8 hybrids had significant dominant effects for FU and FS, respectively. Cross with higher dominant effects for FU was P 4 × P 6 and for FS, it was P 1 × P 9 . For MIC, only13 crosses showed significant dominant effects. Cross P 1 × P 9 followed by P 2 × P 9 had higher dominant effects for this trait. According to results, only 7 out of total crosses had significant dominant effects for FE and cross P 4 × P 7 had highest significant dominant effect for this trait.
Additive-environment interaction effects for yield, yield components, and fiber quality traits
This study further analyzed the additive-environment interaction effects for yield and fiber quality traits for each environment. Analysis results can be seen in Table 4 . Results showed that P 6 for BW, P 2 for BN, SCY, MIC, and FE, P 5 for LP, and P 3 for LY had more positive and significant additive-environment interaction effects in E 1 . Analysis result in environment E 2 showed that P 9 for BW and MIC, P 10 for BN, P 8 for LP, P 7 for SCY and LY, and P 3 for FE had more positive and significant effects. In environment E 3 , it was observed that P 7 for BW, SCY and LY, P 2 for BN, P 3 for FL, P 11 for MIC, and P 4 for FE had more positive and significance additive into environment interaction effects. Collectively results represented that most of the additive-environment interaction effects for yield traits were significant but nonsignificant for fiber quality traits.
Dominance-environment interaction effects for yield, yield components, and fiber quality traits
Here, we calculated dominant-environment interaction effects for yield and yield-related traits (Additional file 3) and fiber quality traits (Additional file 4) in three locations based on 2 years of field experiments. A significant dominance-environment interaction effect was seen for yield parameters with most combinations, but these interaction effects varied among three locations. The effects of both crosses P 2 × P 11 and P 5 × P 9 for BW were significant in all locations. However, effect of P 2 × P 11 for BW was significant negative in E 1 and E 2 , but significant positive in E 3 . The effect of P 5 × P 9 was opposite to that of P 2 × P 11 . The dominant-environment interaction effects of crosses P 1 × P 7 , P 2 × P 11 , P 3 × P 7 , P 3 × P 10 and P 5 × P 7 for BN were significant but either positive or negative. For example, P 1 × P 7 had positive effect in E 1 and E 2 and negative in E 3 , whereas P 2 × P 11 , P 3 × P 7 , and P 3 × P 10 had shown negative effects in E 1 and E 2 but positive in E 3 . The effect of P 5 × P 7 was positive in E 1 but negative in E 2 and E 3 . For LP, it was observed that the effect of P 1 × P 9 was significantly positive in E 2 and E 3 but negative in E 1 , whereas P 5 × P 7 showed significant negative effect in E 1 and E 3 but positive in E 2 . According to results, crosses P 2 × P 10 and P 4 × P 7 had significant dominance-environment interaction effects for SCY across three locations. Particularly, the effect of P 2 × P 10 was positive in E 1 but negative in E 2 and E 3 . P 4 × P 7 showed positive additive-environment interactive effect in E 1 and E 3 but negative in E 2 . Only combination that had a significant additive-environment interactive effect for LY was P 2 × P 10 . It had positive in E 1 but negative in E 2 and E 3 . For fiber quality traits, it was noticed that P 1 × P 11 had a significant dominance-environment interaction effect for FL in the three locations, but effect was positive in E 2 and negative in E 1 and E 3 . For FU trait, the effect of P 5 × P 8 was significant in the three locations. The effect was significantly positive in E 1 and E 2 and negative in E 3 . The effect of P 5 × P 11 for FS was significant negative in E 1 and E 2 but positive in E 3 . Analysis results for MIC trait showed that P 2 × P 9 showed significant positive interactive effect in E 2 , while crosses P 2 × P 7 and P 5 × P 9 showed significant positive effects in E 3 . Five crosses, i.e., P 1 × P 7 , P 1 × P 9 , P 1 × P 11 , P 3 × P 9 , and P 5 × P 6 , showed significant effects for FE across all locations. From these, P 1 × P 7 , P 3 × P 9 , and P 5 × P 6 had negative effects in E 1 and E 3 , but positive in E 2 . In contrast, P 1 × P 9 showed positive effect in E 1 and E 3 , but negative in E 2 . The effect of P 1 × P 11 was positive in E 2 and E 3 but negative in E 1 .
Analysis of heritability
Heritability is a genetic parameter that measures the relative ratio of genetic variation to phenotypic variation. Here, broad-sense heritability (h 2 B ), narrow-sense heritability (h 2 N ), broad-sense interaction heritability (h 2 BE ), and narrow-sense interaction heritability (h 2 NE ) were evaluated for all traits under study (Table 5 ). Results showed that heritability measures such as h 2 B and h 2 BE were highly significant and strong for all traits except for FS with nonsignificant h 2 BE. It was observed that h 2 N was significant for all traits except for BW and SCY. According to results, BW, SCY, and LY had significant and strong h 2 B , h 2 NE , and h 2 BE . These findings put forth a clue that these traits can be improved through genetics, breeding and proper selection of experimental populations. All heritability estimates of LP, FU, FE, and MIC were significant and equally important. Further results revealed that h 2 B and h 2 N of FL and FS were significant and strong as compared with h 2 BE and h 2 NE .
Genetic and phenotypic correlations between yield, yield components, and fiber quality traits
Coefficients of genetic and phenotypic correlation between yield and fiber quality parameters can be seen in Table 6 . Results revealed that SCY and LY had significant positive correlation with LP, BW, and BN. Further, SCY and LY had positive correlation with FL, FU, MIC, and FE. However, most of these correlations were nonsignificant, while correlation coefficients of SCY and LY with FS were negative and small. LP had significant positive correlation with BN and FE. Between fiber quality traits, results of both genetic and phenotypic correlation analysis showed that FL had significant positive correlation with FU, FS, and FE but, significant negative correlation with MIC. FU had significant positive correlation with FS and FE and negative correlation with MIC but, latter relationship was non-significant. According to results, FS had significant positive correlation with FE and negative correlation with MIC. MIC and FE showed significant negative correlation with each other but, only their genetic correlation was significant. Notably, all these results suggest that yield can be improved along with yield component traits independent of fiber quality traits.
Discussion
Cotton varieties with superior yield, fiber quality, and environmental adaptation are very important for sustainable cotton production. In plant breeding research, three mating designs (factorial, nested and diallel) are generally used to perform genetic analysis. In previous studies of cotton, most researchers used diallel and line-tester designs to perform genetic analysis (Song et al. 2015b; Ye et al. 2008) . In this study, the NCII design was used to improve the efficiency of yield and fiber quality traits. We analyzed comprehensive data of 2 years and three locations of yield and fiber quality traits to reveal genetic variance and their effects, heritability, and correlations.
Genetic effects and their interaction with the environment
Previously, it was observed in agronomic crops that yield traits are quantitatively controlled by micro-functional polygenes, vulnerable to the environment (Nyombayire et al. 2018; Reddy et al. 2016) . Therefore, comprehensive genetic analysis in different environments is an important strategy for a successful breeding program. Our results revealed that yield and fiber quality traits were determined by different effects of genetics. In this regard, yield traits were mainly controlled by genetic and environment interaction effects, whereas LP and fiber quality traits were mostly determined by main genetic effects. These findings are similar to the previous study by Song et al. (2015b) . These authors reported that LP and fiber quality traits showed significant additive and dominant effects, thus controlled by main genetic effects. Further results showed that dominant effects had stronger influence on yield parameters and additive effects had stronger influence on fiber quality traits. These results predict that yield and its contributing traits have complex genetics with more influence of environmental effects. Similar results have been reported by Ming et al. (2008) , Li et al. (2016) and Song et al. (2015a Song et al. ( , 2015b . However, some researchers also observed significant additive effects for yield traits related, but others reported contribution of additive and dominant effects for yield contributing traits (Liu and Zhu 2007; Xing et al. 2007b) . To a particular interest, the inbred lines used in this study were developed by self-pollination over multiple generations belonging to three different cotton growing areas of China. Most of additive and dominant effects for yield and fiber traits were significant in this study. However, their interaction with environment was unstable across different locations. Results showed that parental lines P 2 , P 3 , and P 4 had more additive effects for yield and fiber traits. However, P 7 , P 9 , and P 10 were found to have high significant additive effects for most of fiber quality traits. According to results, significant positive dominant effects for yield traits were seen in more than 50% cross combinations, whereas most of crosses showed non-significant dominant effects for fiber quality traits. In context of dominance-environment interaction effects, P 1 × P 8 , P 1 × P 10 , and P 2 × P 10 in E 1 , P 4 × P 6 in E 2 , P 3 × P 7 and P 5 × P 11 in E 3 showed significant positive for yield traits. For fiber quality traits, significant positive dominance-environment interaction effects were produced by P 1 × P 9 , P 4 × P 10 , P 5 × P 9 , and P 5 × P 11 in E 3 . Because dominance underlies the potential utility of heterosis, these crosses can be improved through further hybridization.
Heritability of traits
Heritability is a statistic that determines the degree of phenotypic variance due to genetic variance. Results of current studys showed that broad-sense and its interaction heritability were extremely significant for all yield traits. In previous studies, it was described that seed cotton yield, lint yield, boll weight, lint percentage, boll number showed the highest broad sense by environment interaction heritability (Song et al. 2015a; Zeng and Pettigrew 2015) . However, some researchers reported that many yield traits such as lint yield, boll number per plant, boll weight, and lint percentage showed little additive variance and low heritability (Tang et al. 1996) . Further results showed that narrow-sense heritability was significant for all studied traits except for BW and SCY. These heritability estimates showed that broad and narrow-sense heritability were ubiquitous, thus indicating that potential of yield improvement in upland cotton through genetics and breeding is still large. Moreover, environmental factors have considerable influence on gene expressions. So, breeders should select plant materials which are adapted to different environments. Results for fiber traits showed that fiber length and strength had strong broad and narrow-sense heritability, indicating that these traits can be improved through allopatric selection and shuttle breeding methods.
Correlations between traits
Relationships between traits play an important role in selection of plant material for future breeding. The results of this study showed that both phenotypic and genotypic correlations of SCY and LY were significantly positive with LP, BW, and BN. Thus, these yield-related traits with genetic effects should be considered as main criteria of genotype selection to improve yield. Previous studies have shown that yield and its contributing traits showed significant positive correlation among each other (Song et al. 2015a; Tang et al. 1996; Meredith 1990 ). In our results, SCY and LY also showed positive correlation with FL, FU, MIC, and FE and negative with FS, but most of these correlation coefficients were small and statistically non-significant. Other than this, FL, FU, FS, and FE showed significant positive correlation with each other but MIC showed negative correlation with other fiber quality traits. In the study of Song et al. (2015b) , significant positive correlations were observed among fiber traits. However, FE showed significant negative correlation with other fiber quality traits in their study.
Results of correlation analysis anticipate that SCY and LY can be improved coupled with BW, BN, and LP independent of fiber quality traits. Finally, this study identified that parental lines, e.g., SJ48-1 (P3), ZB-1 (P4), 851-2 (P10), and DT-8 (P9), can be used to improve yield and fiber quality traits in cotton through hybridization.
Conclusions
In this study, results of genetic analysis showed that yield traits were controlled by genetic and environment interaction effects. In contrast, fiber quality traits were mainly controlled by the main genetic effects. A significant positive phenotypic and genetic correlation was observed between yield and its component traits. Fiber quality traits also showed significant positive correlation with each other. However, yield and fiber quality traits had non-significant correlation among each other. Altogether, our results provide valuable information about genetic control of yield and fiber quality traits. It will help to develop high yield cotton hybrids with improved fiber quality traits in future.
